Alginate, an exopolysaccharide produced by Pseudomonas aeruginosa, provides the bacterium with a selective advantage that makes it difficult to eradicate from the lungs of cystic fibrosis (CF) patients. Previous studies identified a gene, algX, within the alginate biosynthetic gene cluster on the P. aeruginosa chromosome. By probing cell fractions with anti-AlgX antibodies in a Western blot, AlgX was localized within the periplasm. Consistent with these results is the presence of a 26-amino-acid signal sequence. To examine the requirement for AlgX in alginate biosynthesis, part of algX in P. aeruginosa strain FRD1::pJLS3 was replaced with a nonpolar gentamicin resistance cassette. The resulting algX⌬::Gm mutant was verified by PCR and Western blot analysis and was phenotypically nonmucoid (non-alginate producing). The algX⌬::Gm mutant was restored to the mucoid phenotype with wild-type P. aeruginosa algX provided on a plasmid. The algX⌬::Gm mutant was found to secrete dialyzable oligouronic acids of various lengths. Mass spectroscopy and Dionex chromatography indicated that the dialyzable uronic acids are mainly mannuronic acid dimers resulting from alginate lyase (AlgL) degradation of polymannuronic acid. These studies suggest that AlgX is part of a protein scaffold that surrounds and protects newly formed polymers from AlgL degradation as they are transported within the periplasm for further modification and eventual transport out of the cell.
Cystic fibrosis (CF) represents the most common deadly inherited disease in Caucasians; it occurs in 1 in 2,500 to 1 in 3,000 births each year (9) . The disease is caused by a defect in the gene encoding the CF transmembrane conductance regulator (CFTR) (32, 48, 49) . CFTR normally functions as a cyclic AMP-regulated chloride channel of epithelial cells lining the airways, intestine, and exocrine glands (9, 29) . The genetic defect in CFTR causes abnormal chloride and water transport in the epithelia, which ultimately results in intestinal obstruction, male infertility, pancreatic insufficiency, increased levels of electrolytes in sweat, liver problems, and, more importantly, inadequate mucociliary clearance in the lungs, which facilitates chronic respiratory infections caused by Pseudomonas aeruginosa (9) . In fact, the leading cause of death in CF patients is pulmonary failure due to inflammation and persistent respiratory infections caused by alginate-producing strains of P. aeruginosa (9, 38, 45, 60) .
Alginate, a copolymer of mannuronic and guluronic acids (12) , is an exopolysaccharide that makes it very difficult to eradicate P. aeruginosa from the lungs of CF patients due to its ability to shield the bacteria from antibiotics (2, 24) and host defenses (2, 3, 34, 54) . Alginate also plays a role in the formation of microcolonies in vitro (40) and can act as an adhesin (11) , which facilitates bacterial colonization of the respiratory tract.
Four main regions of the P. aeruginosa chromosome contain genes involved in alginate biosynthesis and regulation. The alginate biosynthetic gene cluster (17, 47, 56) , containing algD, alg8, alg44, algK, algE, algG, algX, algL, algI, algJ, algF, and algA, is located at 34 min on the bacterial chromosome and acts as an operon (8) controlled by the algD promoter. algC, located at 10 min on the bacterial chromosome and regulated by its own promoter (21, 65) , is involved in alginate biosynthesis as well as lipopolysaccharide biosynthesis.
The alginate switch (algU, mucA, mucB, mucC, and mucD), located at 68 min, is responsible for the conversion of P. aeruginosa to the alginate-producing forms found predominantly in lungs of CF patients (10, 36, 37, 56) . algU (also named algT) encodes a protein (AlgU or 22 ) with significant similarity to the alternative RNA polymerase sigma factor E from Escherichia coli and positively regulates the transcription of itself, algR, algB, algD, and algC (56, 63 ). AlgU's activity is inhibited by MucA and MucB, which act as anti-factors on AlgU, resulting in a nonmucoid phenotype. MucA and MucB negatively affect the stability of AlgU in the cell (37) . Spontaneous mutations in mucA or mucB represent the major mechanism of conversion from the nonmucoid to the mucoid phenotype. Regulatory genes algR, algP, and algQ, at 9 min, and algB, found at 13 min, are important for transcriptional activation of the alginate biosynthetic genes (17, 56) .
The initial steps of alginate biosynthesis are well understood. It occurs in the cytoplasm through a series of steps involving AlgA (a bifunctional enzyme known as a phosphomannose isomerase and GDP-mannose pyrophosphorylase), AlgC (phosphomannomutase), and AlgD (GDP-mannose dehydrogenase), which convert fructose-6-phosphate to GDP-mannuronic acid, the subunit making up alginate (56) . However, many of the subsequent steps in alginate biosynthesis remain to be elucidated.
An unidentified transporter moves GDP-mannuronic acid or an alginate intermediate across the inner membrane into the periplasmic space. The location and protein(s) involved in polymerization are unknown, but Alg8 and Alg44, two hydrophobic proteins, are thought to be involved (35) . A role for Alg8 in polymerization has been suggested due to its resemblance to ␤-glycosyltransferases (52) . After polymerization, the polymer undergoes a series of modification steps. The mannuronic acid residues are partially epimerized into guluronic acid by AlgG (mannuronan C5 epimerase) in the periplasm (14) , and some of the mannuronic acid residues are acetylated by the action of proteins AlgF, AlgI, and AlgJ (15, 16) . The mature alginate polymer consists of random polymannuronic acid (poly [M] ) and poly(MG) (G, guluronic acid) blocks with some of the mannuronic acid residues acetylated. This polymer is thought to be transported out of the cell with the aid of AlgE, an outer membrane protein that seems to act as an anion channel (46) . AlgL, an alginate lyase, (53) , has been shown to be necessary for alginate production, although its role in alginate biosynthesis is not known (39) . Recent work indicates that AlgK and AlgG may be part of a periplasmic protein complex which protects the newly formed polymer from AlgL degradation in the periplasm (19, 27) .
algX was previously cloned and sequenced (39) and found to be located in the alginate biosynthetic operon between algG and algL. By transposon mutagenesis, merodiploid analysis, and complementation studies, AlgX was determined to be necessary for alginate production, although its exact role was unclear (39) . The present study seeks to gain more information about AlgX. First, its subcellular location was determined by cell fractionation studies, Western blot analysis, and N-terminal amino acid sequencing. Second, an algX nonpolar deletion mutant was created by allelic exchange, and the alginate produced by this mutant was characterized by membrane dialysis, biochemical analyses, mass spectroscopy (MS), and Dionex chromatography.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. Bacterial strains and plasmids used in this study are described in Table 1 . Strains were routinely cultured in LB broth or on LB agar plates (Difco Laboratories, Detroit, Mich.) at 37°C with antibiotics as needed. For some studies, special culture media and conditions were used, and these are described further below. Antibiotics were used at the following concentrations: carbenicillin, 100 g/ml for E. coli and 300 g/ml for P. aeruginosa; gentamicin, 15 g/ml for E. coli and 250 g/ml for P. aeruginosa; kanamycin, 30 g/ml for E. coli; tetracycline, 25 g/ml for E. coli and 100 g/ml for P. aeruginosa.
DNA manipulations. Restriction endonucleases were purchased from New England Biolabs (Beverly, Mass.), Gibco BRL (Gaithersburg, Md.), or Promega (Madison, Wis.). Genomic DNA was isolated with Promega's chromosomal DNA isolation kit. DNA fragments were isolated from agarose gels with either the QIAquick gel extraction kit or the MinElute gel extraction kit (QIAGEN, Valencia, Calif.). Plasmids were transferred into E. coli by chemical transformation (41) . Bacterial cells were disrupted by sonication and then centrifuged at 20,000 ϫ g for 15 min. The pellet was washed with binding buffer, recentrifuged, and resuspended in 10 ml of binding buffer containing 6 M urea to solubilize inclusion bodies and placed on ice for 1 h. Any remaining insoluble material was removed by centrifugation at 39,000 ϫ g for 20 min. The supernatant was filtered with a 0.45-m-pore-size filter and loaded onto a 2.5-ml nickel chelation resin column (Novagen). The column was washed with 25 ml of binding buffer containing 6 M urea, followed by a solution containing 11 ml of binding buffer with 6 M urea and 4.1 ml of wash buffer (60 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl [pH 7.9]) with 6 M urea. AlgX-His was eluted in 1-ml fractions with 15 ml of elution buffer (1 M imidazole, 0.5 M NaCl, 20 mM Tris-HCl [pH 7.9]) containing 6 M urea. Refolding of AlgX-His was accomplished by adding dithiothreitol (DTT) to 50 mM and dialyzing at 4°C against progressively lower concentrations of urea and DTT until the urea and DTT concentrations were 0.16 M and 1 mM, respectively. The protein was then stored at Ϫ20°C. Polyclonal anti-AlgX-His antibody production. Rabbits were immunized with 100 g of AlgX-His in complete Freund's adjuvant (Sigma-Aldrich, St. Louis, Mo.), with booster injections containing 64 g of AlgX-His in incomplete Freund's adjuvant (Sigma-Aldrich). The serum was monitored for anti-AlgX antibody titer by Western blot analysis. To remove any nonspecific antibodies, the immune serum was preabsorbed before use with a suspension of proteins from strain FRD2 prepared by acetone precipitation by a protocol described by Harlow and Lane (23) .
Cell fractionation, assessment of cross-contamination, and Western blot analysis. Cultures of strain FRD1 were grown at 37°C for 22 h in phosphate-deficient media (7) to induce production of alkaline phosphatase, the periplasmic marker (18) . The cells were diluted 1:2 with 0.01 M Tris-HCl (pH 8.4) and centrifuged at 30,100 ϫ g for 1 h. The cytoplasmic and periplasmic fractions were obtained by a modified version of Wood's procedure (6, 62) . Cells were resuspended in a solution containing 0.5 mg of lysozyme/ml, 40 mM Tris-HCl (pH 8.0), 0.5 M sucrose, and 4 mM EDTA and incubated in a 30°C water bath, with gentle shaking, for 60 min to form spheroplasts. MgCl 2 was added to 10 mM after the initial 2 min. The solution was centrifuged at 12,100 ϫ g at 4°C for 15 min to pellet the spheroplasts, leaving the periplasmic proteins in the supernatant. The spheroplasts were washed in a solution containing 0.5 M sucrose and 40 mM Tris-HCl (pH 8.0) to remove any residual supernatant, recentrifuged, and resuspended in 3 ml of 10 mM Tris-HCl (pH 8.0)-10 mM MgCl 2 . After sonication to break up the spheroplasts, the suspension was centrifuged at 77,600 ϫ g for 3 h at 4°C to separate the cytoplasmic proteins in the supernatant from the total membrane fraction in the pellet.
The inner and outer membranes were isolated from cultures of FRD1 grown in phosphate-deficient media for 22 h by the protocols described by Hancock and Nikaido (22) , resuspended in 1 ml of 10 mM Tris-HCl (pH 8.4), and stored at Ϫ20°C until use. Cross-contamination of the subcellular fractions was determined by assaying each fraction for the following markers: isocitrate dehydrogenase, a cytoplasmic marker (20) , lactate dehydrogenase, an inner membrane marker (57), alkaline phosphatase, a periplasmic marker (18) , and lipopolysaccharide (LPS), an outer membrane marker (25) . As percentages of the total amount found in all fractions, 70, 79, and 48% of the isocitrate dehydrogenase, lactate dehydrogenase, and alkaline phosphatase activities, respectively, were found in the cytoplasm, inner membrane, and periplasm, respectively. LPS was detected mainly in the outer membrane fraction, with trace levels detected in the inner membrane and periplasmic fractions.
The four cell fractions (periplasmic, cytoplasmic, and outer and inner membrane) were resolved on a sodium dodecyl sulfate (SDS)-10% polyacrylamide gel and transferred to a nitrocellulose membrane. Membranes were blocked overnight in 0.01 M phosphate-buffered saline (PBS), pH 7.4, containing 0.1% Tween and 5% nonfat dried milk (T-PBS-5% milk) at 4°C, rinsed in the same solution, and then probed with an anti-AlgX polyclonal rabbit antibody (1:2,000 dilution in T-PBS-5% milk) for 2 h at room temperature. The membranes were washed in T-PBS-5% milk, incubated with a donkey anti-rabbit immunoglobulin G-horseradish peroxidase-linked antibody (1:2,000 dilution in T-PBS-5% milk) for 1 h at room temperature, and rinsed. The ECL Western blotting kit and ECL Hyperfilm (Amersham Pharmacia Biotech, Inc., Piscataway, N.J.) were used to detect AlgX via luminescence.
Amino-terminal sequencing of AlgX. Previous studies had demonstrated that AlgX overexpressed with JM109(pNLS20) was localized predominantly in the periplasm, similar to what was found for FRD1. Therefore, to produce enough AlgX for amino-terminal sequencing analysis, cultures of JM109(pNLS20) were grown in LB broth containing 25 g of tetracycline/ml. At an OD 600 of 0.5, the culture was induced with 1 mM IPTG for 3 h. The cells were collected by centrifugation, and the periplasmic fraction was obtained as described above. A 50 to 60% ammonium sulfate cut on the periplasmic fraction was resolved on an SDS-10% polyacrylamide gel electrophoresis gel. After electrophoresis, the proteins were transferred onto an Immobilon-P transfer membrane for 2.5 h at 65 mA. The membrane was washed in distilled water, air dried completely, and stained with 0.25% Coomassie R-250 in 50% methanol for 1 min. The AlgX protein band was located, and then the membrane was destained with 50% methanol-10% acetic acid and rinsed with 100 ml of 50% methanol. The AlgX protein band was cut and subjected to N-terminal sequencing with the PerkinElmer Applied Biosystems model 492 sequencer by the Department of Environmental Toxicology at the University of California, Riverside.
Construction and confirmation of algX⌬::Gm. pBSSK(Ϫ)pALG2-2.9⌬X, containing 530 bp of algG, 1,422 bp of algX with a 384-bp XcmI area deleted from its 3Ј end, and 1,315 bp of algL, was digested with EcoRI, removing a 40-bp piece just upstream of the XcmI-deleted area of algX. This was ligated to an ϳ700-bp SmaI nonpolar gentamicin resistance (Gm) cassette obtained from pSJ12 (28) with the Gm promoter in the same orientation as algG, algX, and algL, creating pAR4. pAR4 was digested with HindIII and XbaI, releasing an ϳ3.6-kb DNA fragment containing part of algG, algX⌬::Gm, and part of algL, which was ligated into pEX100T cut with SmaI, creating pAR5.
Triparental matings were used to mobilize pAR5 from E. coli into P. aeruginosa strain FRD1::pJLS3 with the aid of helper plasmid pRK2013 (13) as described previously (39) . Merodiploids resulting from a single-crossover homologous recombination event were selected for on LA-PIA-Gm250 (a 1:1 mixture of L agar and Pseudomonas isolation agar [Difco Laboratories] containing 250 g of gentamicin/ml). Single colonies were then grown in LB broth for 18 h and plated onto LA-PIA-Gm250 containing 7.5% sucrose to select for colonies that had undergone double crossovers, leading to gene replacement. Possible algX⌬:: Gm mutant colonies were subcultured, and PCR was used to verify the replacement of chromosomal algX with algX⌬::Gm. Primer a (5ЈCTGTTCCGCACCA CCTACGAC3Ј) is specific to the 5Ј end of algX, which is common to both FRD1::pJLS3 and the algX⌬::Gm mutant; primer b (5ЈCAGGGAAAGGAAC TGCTGGTC3Ј) is in the reverse orientation and is specific to a sequence within the XcmI-deleted region of algX; primer c (5ЈGATCGTCACCGTAATCTGCT TGC3Ј) is also in the reverse orientation and is specific to a sequence within the Gm cassette.
Western blot analysis was also used to further verify that gene replacement had occurred. Mutant algX⌬::Gm strains were streaked on LA-PIA-Gm250 with and without 1 mM IPTG, and harvested colonies were resuspended in 0.01 M PBS (pH 7.4) to an OD 600 of 0.5. One milliliter of the cell suspension was pelleted by centrifugation, and the pellet was washed twice and resuspended in Laemmli buffer, followed by boiling for 5 min. The samples were resolved on a SDS-10% polyacrylamide gel, transferred to a nitrocellulose membrane, and subjected to Western blot analysis using anti-AlgX polyclonal antibodies as described above.
Complementation of the algX⌬::Gm mutant. For complementation of the algX⌬::Gm mutant, P. aeruginosa algX was amplified by PCR with pALG2-3.3HindIII/XbaI as the template and a HindIII site (underlined) was introduced at the 5Ј end with primer 1A (5ЈAAAAAAGCTTCAGGACAAGGCGGTGCT GATC 3Ј) and a KpnI site (underlined) was introduced at the 3Ј end with primer 1B (5ЈAAAAGGTACCCTGGCTGACCTGGCTGGCG 3Ј). The PCR product was cloned into pRK415 previously cut with HindIII and KpnI such that algX was under control of the lac promoter, forming pAR6. The construct was then transferred from E. coli to P. aeruginosa algX⌬::Gm strain 2-2 by triparental mating as described earlier. Potential transconjugants were plated onto LA-PIATc100 plates at 37°C until colonies appeared. The colonies were then scored for alginate production by streaking them on LA-PIA-Tc100-1 mM IPTG and looking for the characteristic mucoid phenoptype. PCR and Western blot analysis were used as previously described to verify that complementation had occurred.
Uronic acid assays. Fifteen milliliters of modified alginate promoting (MAP) medium, an alginate-promoting medium (14) containing 1 mM IPTG and antibiotics (as needed), was inoculated with 1 ml of a test strain overnight culture, and the strain was grown at 37°C for 22 h. Ten milliliters of the culture was centrifuged at 10,000 ϫ g for 1 h, and 7 ml of the supernatant was dialyzed against an equal volume of 10 mM Tris-HCl (pH 7.6) overnight for equilibrium dialysis with Spectra/Por 6 membrane tubing (Fisher Scientific, Pittsburgh, Pa.) with a molecular mass cutoff of either 10,000 or 1,000 Da. The uronic acid content of material from inside and outside of the bag was determined by the (33) . For extensive dialysis, samples in the dialysis bags were then placed in 1 liter of 10 mM Tris-HCl (pH 7.6) for 3 h. The dialysis bags were transferred to fresh buffer overnight, and the uronic acid concentration remaining in the dialysis bag was determined. Uronic acid concentrations were determined from a standard curve using Macrocystis pyrifera alginate (Sigma-Aldrich).
Measuring alginate lyase activity. Reaction mixtures contained 100 l of the enzyme reaction buffer (30 mM Tris-HCl, 9 mM MgCl 2 [pH 7.5]), 100 l of MAP with or without Flavobacterium multivorum alginate lyase (Sigma-Aldrich), and 50 l of the culture supernatant and were incubated at 37°C for 2 min. The thiobarbituric acid assay of Weissbach and Hurwitz (61) was used to quantify the unsaturated residues formed at the nonreducing ends of the lyase-cleaved polymers or in secreted uronic acids.
Production of P. aeruginosa alginate oligomers for MS and Dionex studies. Cultures were grown in shake flasks in PIA medium containing (per liter) 20 g of bacteriological peptone, 1.4 g of MgCl 2 , 5 g of NaCl, 10 g of K 2 SO 4 , and 20 ml of 87% glycerol. Gentamicin (225 g/ml) was added when cultivating strain 2-2. IPTG was added to a final concentration of 1 mM. The flasks were then incubated at 25°C for 48 h in an orbital shaker.
Preparation of dimer and trimer standards. Unsaturated mannuronan dimer and trimer standards for Dionex and MS analyses were prepared by lyase degradation (mannuronic acid-specific lyase from abalone; Sigma-Aldrich) of poly(M) (19), followed by preparative gel filtration. An unsaturated dimer [(MG) n ] containing both mannuronic acid (M) and guluronic acid (G) was prepared by lyase degradation (guluronic acid-specific lyase from a Klebsiella sp.) of polyalternating alginate. Guluronic acid-specific lyase from Klebsiella was purified as described earlier (1, 44) . This alginate was prepared in vitro by incubating poly(M) with the recombinantly produced Azotobacter vinelandii mannuronan C5 epimerase AlgE4 (26) . The conditions used for lyase degradation and preparative gel filtration were essentially as described earlier (4, 5) .
Electrospray ionization MS and HPAEC-PAD (Dionex).
For MS analyses culture supernatants and standards were diluted in 5 mM ammonium acetate, pH 9, and analyzed with direct infusion (0.6 ml/h) into an Agilent MSDTrap SL mass spectrometer equipped with an electrospray ion source and operated in negativeion mode. Drying gas flow was 5 liters/min, drying gas temperature was 325°C, and nebulizer pressure was 15 lb/in 2 . The capillary voltage was 3,500 V, with end plate offset of Ϫ500 V. For MS/MS studies the parent ions were isolated and fragmented with a fragmentation voltage of 1 V, with helium as the collision gas.
For high-performance anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD; Dionex) analyses the culture supernatants and standards were diluted in H 2 O. The analyses were performed by the same protocol and with the same equipment described earlier (5).
RESULTS
AlgX is located in the periplasm and contains a signal sequence. A hydrophilicity plot of AlgX (not shown) indicated that it is predominantly hydrophilic, with no extensive hydrophobic domains. Its amino-terminal end displays the characteristics of a typical signal sequence: a short region consisting of polar basic amino acids, followed by a longer stretch of hydrophobic amino acids, followed by a short region with higher-polarity amino acids (59). Thus, AlgX was predicted to be localized in the periplasm along with some of the other alginate biosynthetic proteins. To test this hypothesis, FRD1 was grown and subcellular fractions were isolated as described in Materials and Methods.
The subcellular fractions were resolved on a SDS-10% polyacrylamide gel; proteins were then transferred to a nitrocellulose membrane and probed with anti-AlgX polyclonal antibodies. AlgX was detected predominantly in the periplasm, and a small amount was also seen in the outer membrane fraction (Fig. 1) . The localization of AlgX in the periplasm strongly suggested the presence of a signal peptide in the protein. To confirm this, AlgX was isolated from the periplasm of strain JM109/pNLS20 and subjected to amino-terminal sequencing as described in Materials and Methods. The first six amino acid residues of the mature, periplasmic AlgX were Ala-Asp-ProGly-Ala-Ala, corresponding to amino acids 27 to 32 of the predicted amino acid sequence of AlgX (39) . The first 26 amino acid residues represent the signal sequence for AlgX, and the cleavage site of the signal peptide followed the "(Ϫ3, Ϫ1) rule" of von Heijne (58) . Therefore, the mature AlgX protein has a predicted molecular mass of 53 kDa and is localized predominantly in the periplasm.
A nonpolar algX deletion mutation results in loss of alginate production. To determine the role that AlgX plays in alginate biosynthesis, an algX deletion mutation was created in FRD1:: pJLS3 (kindly provided by Dennis Ohman). In this strain, the alginate biosynthetic operon is under tac promoter control and is "off" until induced by the addition of IPTG. A nonpolar gentamicin resistance cassette was used to replace part of algX. One representative candidate algX deletion mutant (identified as strain 2-2) was selected for further study. FRD1::pJLS3 and isolate 2-2 were streaked onto LA-PIA plates with appropriate antibiotics, and 1 mM IPTG was added to induce alginate synthesis. Whereas FRD1::pJLS3 produces alginate upon IPTG induction (as expected), isolate 2-2 was phenotypically nonmucoid, suggesting that a functional AlgX is required for alginate synthesis. Primers a and b and a and c (see Materials and Methods) were used to amplify PCR products with genomic DNA isolated from FRD1::pJLS3 and isolate 2-2 as templates. Primers a and b would be expected to produce a DNA fragment of 1,109 bp when algX is present, while primers a and c should produce a DNA fragment of 1,391 bp only when algX⌬::Gm is present. As shown in Fig. 2 , PCR amplification of genomic DNA from strain 2-2 did not produce a wild-type algX PCR product of 1,109 bp when primers a and b were used (lane 9) but did produce an expected mutant product of 1,391 bp when primers a and c were used (lane 10), thus confirming the replacement of algX with algX⌬::Gm in strain 2-2.
To verify that the mutation was nonpolar on downstream genes within the biosynthetic operon, attempts to restore alginate production by direct complementation with AlgX were conducted. For these experiments, algX from FRD1 was amplified by PCR and cloned into pRK415 and the resulting construct, pAR6, was introduced into strain 2-2 by triparental mating. Alginate production was successfully restored in iso- late 2-2 after complementation with pAR6, indicating that downstream alginate biosynthetic genes were unaffected by the presence of algX⌬::Gm. Quantitative analyses of alginate production demonstrated that complementation of strain 2-2 with P. aeruginosa algX resulted in alginate production at a level of 67% of that for FRD1::pJLS3 (data not shown).
To further prove that algX expression was disrupted in mutant strain 2-2, the production of AlgX was examined by Western blot analysis. As expected, algX expression in FRD1:: pJLS3 was detected only when this strain was induced with IPTG. In contrast, AlgX was not detected in strain 2-2 with or without IPTG, indicating that algX expression was disrupted in this construct. In complementation studies, AlgX was detected in isolate 2-2(pAR6) induced with IPTG; further, both the 1,109-bp algX PCR product obtained with primers a and b and the 1,391-bp algX⌬::Gm PCR product obtained with primers a and c were detected in strain 2-2(pAR6) (data not shown).
A nonpolar algX deletion mutant secretes uronic acid oligomers. Recent studies have shown that the inactivation of algK (28) or algG (27) within the alginate biosynthetic operon results in phenotypically nonmucoid colonies and the release of dialyzable uronic acid oligomers from cells. To determine whether our nonmucoid algX⌬::Gm mutant behaved similarly, culture supernatants of the parental strain, FRD1::pJLS3, FRD2 (a nonmucoid derivative of FRD1), and isolate 2-2 were tested for uronic acid content and approximate size by using dialysis membranes with either 10-or 1-kDa molecular mass cutoffs (Table 2) . IPTG-induced FRD1::pJLS3, which is phenotypically mucoid, produced nondialyzable uronic acid polymers upon equilibrium and exhaustive dialysis. FRD2, our negative control, did not produce any detectable uronic acid (data not shown). In contrast, IPTG-induced 2-2 was phenotypically nonmucoid but produced dialyzable uronic acid. With 10-kDa pore dialysis membranes, approximately equal amounts of uronic acid were detected inside and outside of the dialysis bag after equilibrium dialysis, whereas, after exhaustive dialysis, most of the uronic acid in the dialysis bag had been dialyzed away. With 1-kDa pore dialysis membranes, after equilibrium dialysis approximately 61% of the uronic acid produced by strain 2-2 remained in the bag while 39% was outside of the bag (Table 2) . After extensive dialysis, 24% of the uronic acid was still in the dialysis bag while 76% had dialyzed away. These results suggest that, in the absence of AlgX, oligouronides are secreted and may have a mixture of sizes. To gain a better understanding of the nature of these oligouronides, further experiments were performed.
The uronic acid oligomers secreted by an algX mutant are products of alginate lyase degradation of an alginate polymer. In a recent paper (27) , the uronic acid oligomers secreted from algK and algG mutants were shown to be the result of degradation of the newly formed alginate polymer by alginate lyase (AlgL) within the periplasm. We tested whether the same was true for this algX mutant. The uronic acids found in the culture supernatants from the 2-2 isolate (algX mutant) were tested for the presence of unsaturated bonds at the nonreducing ends of an alginate polymer that could be the result of lyase activity. As a control, the secreted alginate polymer of IPTG-induced FRD1::pJLS3 was tested, and, as expected, only trace amounts of unsaturated bonds were present (Table 3) . However, treat-FIG. 2. algX chromosomal deletion mutant 2-2 was verified via PCR with primers a and b and a and c. Genomic DNA was isolated from FRD1::pJLS3 and strain 2-2, and the presence of algX or algX⌬:: Gm was identified by PCR with primers a and b and a and c. Lane 1, 1-kb DNA ladder; lane 2, 100-bp DNA ladder; lanes 3 and 4, no-DNA control with a and b and a and c primers, respectively; lanes 5 and 6, wild-type FRD1::pJLS3 DNA with a and b and a and c primers, respectively; lanes 7 and 8, plasmid construct pAR5 with a and b and a and c primers, respectively; lanes 9 and 10, algX deletion mutant 2-2 DNA with a and b and a and c primers, respectively. DNA markers were purchased from Gibco BRL. a The MAP culture supernatants of FRD1::pJLS3 (parental mucoid) and 2-2 (algX⌬::Gm) were collected via centrifugation, and 7 ml was dialyzed against an equal volume of 10 mM Tris-HCl (pH 7.6) overnight for equilibrium dialysis. Samples from inside and outside of the bag were taken and tested for uronic acid content by the carbazole assay.
b After equilibrium dialysis, each bag was subjected to exhaustive dialysis as described in Materials and Methods. A sample of the inside of the dialysis bag was taken and tested for uronic acids by the carbazole assay.
c Data are from one representative experiment repeated several times. UAs, uronic acids. ment of this alginate with lyase increased the relative amount of unsaturated bonds approximately threefold. As a second control, we examined the alginate produced by Macrocystis pyrifera. Untreated, it contained no unsaturated bonds; however, alginate lyase treatment increased the relative amount of unsaturated bonds to an OD value of 0.29. In contrast, the uronic acid oligomers produced by strain 2-2 had a relatively large amount of unsaturated bonds (OD 548 ϭ 0.53) without the addition of exogenous alginate lyase. This strongly suggests that the oligouronides secreted by our algX⌬::Gm mutant are the result of alginate polymerization and subsequent degradation by the lyase action of AlgL resident within the periplasm. MS and Dionex chromatography analyses of 2-2 culture supernatant show that these secreted oligomers are mainly mannuronic acid dimers. The oligouronides secreted by the 2-2 isolate were also examined by Dionex chromatography and MS. MS is not quantitative in terms of giving a correct representation of the relative amounts of various oligouronides produced; Dionex chromatography solves this problem and serves as an independent way of confirming the MS data. Standards for these experiments were first prepared by making dimers and trimers from mannuronan. This was done by degrading the polymer with a mannuronic acid-specific alginate lyase from abalone, followed by preparative gel filtration. Dionex chromatography of these fractions showed that both oligouronides became reasonably pure, as shown in Fig. 3A (dimer) and B (trimer), and their identities were further verified by MS (Fig.3A-1 and B-1, respectively) . Note that the dimer fraction corresponds to ⌬M-1H ϩ (mannuronic acid with one proton subtracted) with an m/z value of 351, while the trimer (⌬MM- 
1H
ϩ ) has an m/z value of 527. These numbers fit if one assumes unsaturated nonreducing ends, which is a predicted outcome of the lyase reaction.
The sample from the 2-2 isolate was then first analyzed by Dionex chromatography (Fig. 3C ). There are two main peaks that correspond very well to the dimer (retention time, 4 min) and trimer (retention time, 8 min) standards, respectively. Furthermore, MS analyses of the culture supernatant from strain 2-2 also identified a major peak corresponding to the dimer and a less intense peak corresponding to the trimer (Fig. 3C-1) . These analyses therefore confirmed that strain 2-2 produces oligomers similar to those recently reported for algG deletion mutants (19, 27) . The MS experiments were also extended by carrying out MS/MS analyses (fragmentation) of the m/z 351 ion in the 2-2 supernatant (Fig. 3C-1 ) and in the dimer standard (Fig. 3A-1) . The results showed that the same dominating fragment ions (m/z 157, 175, and 193) were derived from the parent ions in both cases. The ions of m/z 193 and 175 can be explained as representing products from cleavage of the glycosidic bond between the two monomers in the unsaturated dimer, but the m/z 175 ion can also be explained as the result of neutral loss of water from the m/z 193 ion. Additionally, a neutral loss of water from the m/z 175 ion will yield a fragment ion of m/z 157.
Another interesting question related to these experiments is whether epimerization takes place prior to degradation in strain 2-2. To analyze this, we prepared another standard by in vitro lyase degradation (guluronic acid-specific lyase from Klebsiella) of polyalternating alginate (MG) n , which resulted in generation of mainly unsaturated dimers containing mannuronic acid (M) and guluronic acid (G). Dionex analysis of this fraction showed that it did not overlap with any of the peaks in the 2-2 sample (not shown), indicating that epimerization does not take place in strain 2-2.
DISCUSSION
In previous studies, P. aeruginosa algX had been cloned, sequenced, and localized within the alginate biosynthetic operon (39) . Although transposon mutagenesis and complementation studies strongly suggested that AlgX was necessary for alginate production, its exact function and cellular location were unknown. The objectives of this study were to determine AlgX's subcellular location and create and characterize an algX deletion mutant. Cell fractionation studies and Western blot analysis indicate that AlgX is found predominantly within the periplasm, with a small amount detected in the outer membrane fraction. Since 17% of the periplasmic marker (alkaline phosphatase) was also detected in the outer membrane fraction, this small amount of AlgX associated with the outer membrane could be due to minor cross-contamination of the outer membrane fraction with periplasmic proteins. The predominant localization of AlgX in the periplasm was consistent with a hydrophilicity plot created for AlgX (data not shown), which indicated that AlgX is predominantly a hydrophilic protein with no extensive hydrophobic domains. Amino-terminal sequencing of AlgX confirmed that the mature periplasmic form of AlgX has a 26-amino-acid signal sequence removed, resulting in a protein of 53 kDa.
We next created and characterized an algX nonpolar deletion mutant using FRD1::pJLS3. We deleted the last one-third of algX and replaced it with a nonpolar gentamicin resistance cassette. The resulting algX⌬::Gm mutants formed phenotypically nonmucoid colonies, confirming previous studies (39) , which suggested that AlgX was necessary for alginate production.
To extend this information, we initially characterized an algX⌬::Gm mutant, which we called 2-2, by analyzing the cell culture supernatants for uronic acid using dialysis and the carbazole assay. A nondialyzable form of uronic acid suggests the presence of polymerized alginate, while a dialyzable form of uronic acid suggests the presence of alginate precursors or alginate lyase degradation products of alginate, as recently reported for nonpolar algG and algK deletion mutants (27) . Our results indicate that the algX deletion mutant secretes short oligouronides of various sizes. In addition, thiobarbituric acid assays of culture supernatants from strain 2-2 demonstrated that these oligomers were unsaturated at the nonreducing end, indicating that they were the result of alginate lyase degradation; this is very similar to the results obtained for the algG and algK deletion mutants from P. aeruginosa (27) and an algG deletion mutant from Pseudomonas fluorescens (19) . To obtain more-definitive information regarding the identity of the short oligomers secreted by 2-2, MS and Dionex analysis were performed; these studies further clarified the identity of these secreted oligomers as mainly dimers, with some trimers of mannuronic acid resulting from alginate lyase degradation. The results from the MS and Dionex analysis are consistent with the dialysis and carbazole assay studies and the thiobarbituric acid assays.
The presence of small oligomers (dimers with some trimers of mannuronic acid resulting from alginate lyase degradation) indicated that polymerization was still occurring and that the polymer was accessible to alginate lyase in this AlgX mutant and was thus degraded. Thus, AlgX appears to have a function similar to those of AlgG and AlgK in protecting the mannuronic acid polymer from alginate lyase degradation as the polymer is being shuttled within the periplasm for further modification and transported to the outer membrane for export. A model was recently proposed for alginate biosynthesis in P. fluorescens (19) in which it is hypothesized that some of the periplasmic proteins involved in alginate biosynthesis (AlgG and AlgK) form an alginate biosynthetic protein complex and protect the polymer from AlgL degradation. We speculate that AlgX may participate in a similar protein complex in P. aeruginosa, forming part of the protein scaffold that surrounds the polymer and protects it from periplasmic alginate lyase degradation. When one or more of these proteins is missing, part of the polymer becomes exposed and susceptible to lyase degradation. It is interesting that the oligouronides secreted by the algX deletion mutant did not contain any guluronic acid residues. It is uncertain if any of the dimers or trimers of mannuronic acid secreted by the algX deletion mutant were acetylated or not; there are no peaks in the MS data that suggest that the dimer or trimer was acetylated. However, we cannot exclude the possibility that the alginate oligomers were acetylated but that the bond is so weak that the acetyl groups were removed prior to MS. Perhaps, within this protein complex containing AlgG, AlgK, and AlgX, AlgX functions after polymerization but before epimerization and acetylation. AlgX may bind the mannuronic acid polymer and align it properly so that AlgG can then epimerize some of the mannuronic acid residues, followed by acetylation.
We also conducted a BLAST search on AlgX to gain further insight into the role it might play in alginate biosynthesis. The search indicated that it has 49% identity with AlgX and 29% identity with AlgV (a homolog of P. aeruginosa AlgJ) from A. vinelandii, 52% identity with Pseudomonas syringae AlgX, and 31% identity with P. aeruginosa AlgJ. A. vinelandii is a soil bacterium that produces alginate as an exopolysaccharide in vegetatively growing cells, and alginate might be involved in cyst formation (50) . P. syringae, a plant pathogen, produces alginate, which permits the bacterium to avoid host plant cell recognition, protects it against desiccation, and is involved in its epiphytic fitness and virulence (31, 64) . Although AlgX from A. vinelandii has not been characterized, we have cloned and sequenced algX from P. syringae and have shown that AlgX proteins from these two bacteria are interchangeable (A. Robles-Price and N. L. Schiller, unpublished results). It is unknown whether AlgX has any additional roles in alginate biosynthesis comparable to those of AlgG, which epimerizes the mannuronic acid residues to guluronic acid. AlgX's high sequence similarity with AlgJ may represent a shared domain involved in binding similar substrates. Future investigations will include experiments to determine if AlgX is in fact part of a protein complex with AlgG and AlgK within the periplasm and to identify the alginate polymer precursor that interacts with AlgX.
